The equilibrium point hypothesis (EPH), much discussed in recent years, is central in a class of theories that posits an important role for muscular mechanical and reflex properties in the control of voluntary movement. We review briefly the findings of our studies testing the idea of equifinality, a major tenet of the EPH, which predicts that terminal limb position will be achieved regardless of transient perturbations in initial position or during ongoing movement. Our observations do not support this prediction of equifinality. We also report our findings that joint viscosity and elastic stiffness estimated during ballistic motion are unexpectedly low, limiting their potential contributions to the regulation either of limb movement trajectory or of limb stability. Taken together, our results imply that neuromuscular mechanical properties are unlikely to be used for regulating voluntary motion, and that other control strategies, most notably the use of feedforward controllers in which muscles act as force generators acting primarily on inertial loads, are more consistent with our observations. For many years, the idea has been promulgated that the brain controls movement by regulating the spring properties of muscles. For example, Bernstein suggested that the CNS relies on the elastic properties of muscle to simplify and organize movement control (Bernstein, 1931). Subsequently, Feldman and others (e.g., Astrayan & Feldman, 1965) proposed that regulating the spring properties was necessary and also sufficient for controlling both the endpoint of movement and the intervening path or trajectory. This broad control scheme, now known as the equilibrium point hypothesis (EPH; Bizzi et al., 1991) proposes that voluntary movements are implemented by specifying the rest length of the muscle springs as the essential aspect of the central command. Movement then emerges as the muscle springs assume their commanded state while interacting with the mechanical loads experienced by the limb.
For many years, the idea has been promulgated that the brain controls movement by regulating the spring properties of muscles. For example, Bernstein suggested that the CNS relies on the elastic properties of muscle to simplify and organize movement control (Bernstein, 1931) . Subsequently, Feldman and others (e.g., Astrayan & Feldman, 1965) proposed that regulating the spring properties was necessary and also sufficient for controlling both the endpoint of movement and the intervening path or trajectory. This broad control scheme, now known as the equilibrium point hypothesis (EPH; Bizzi et al., 1991) proposes that voluntary movements are implemented by specifying the rest length of the muscle springs as the essential aspect of the central command. Movement then emerges as the muscle springs assume their commanded state while interacting with the mechanical loads experienced by the limb.
To be effective, these approaches require that the spring stiffness of muscle be high, in order to establish a well-defined movement endpoint, an efficient and direct intervening path, and a stable equilibrium when the target or end point is reached.
Furthermore, we would also expect to find evidence for "equifinality," which is the observation that movement endpoints are specified by the initial central neural command, and will be achieved regardless of either intervening perturbations or of variations in initial limb conditions. We will briefly review each of these ideas, beginning with the idea of equifinality, and deal then with their general implications for control of upper limb motion.
Testing EPH Theories: The Property of Equifinality
Central to the equilibrium point hypothesis is the notion that the equilibrium point, which represents the intended final position of the limb, is transmitted to the periphery as either a sudden "step-like" change or as a time-varying transition from the current position to the desired position. Elastic or "spring-like" forces then create a "virtual trajectory" at the end of which is an energy "well," akin to an equilibrium point.
In the absence of forces other than damping, the EPH hypothesis asserts that the limb must settle at this equilibrium no matter what the initial position. This property is termed "equifinality." In a recent study, we have set about testing this property by unexpectedly and transiently perturbing planar reaching movements in which vision was obscured (Popescu & Rymer, 2000) .
Our study was designed to resolve ambiguities in a long line of studies, either supporting (Bizzi et al., 1991; Kelso & Holt, 1980) or contradicting equifinality. Notable observations contradicting equifinality have been provided recently by Coello et al. (1991) and by Lackner and Dizio (1992) , who used coriolis forces to modify pointing motion. The middle ground has been addressed by studies that reported equifinality in intact but not areflexive muscle (Rothwell, 1982) . These studies cast doubt on the elasticity of muscle itself, presumably due to non-linear physiological mechanisms such as "yield." We therefore sought to eliminate doubts related to the impact of type and size of perturbation, sample size, and the types of sensory-mediated reactions allowed.
In our experiments, a small, barely perceptible force pulse was applied by a powered manipulandum to the hand, in the course of a target-directed voluntary movement of the human arm. The arm was able to move freely in the horizontal plane. Perturbing pulses were applied in a direction perpendicular to the motion of the hand, at the beginning, in the middle, or toward the end of the movement. These pulses were delivered unexpectedly, in the course of repeated movement sequences, and vision was blocked.
We found that the endpoints of the perturbed motions were statistically different from those of the unperturbed movements, and the resulting errors were usually quite large, averaging 14% of the distance of the movement itself. This endpoint error did not decrease with practice, even though knowledge of results was routinely provided. Therefore, prima facie, the property of equifinality was not supported by our results.
In rebuttal, it could be argued that cortically mediated reaction-time responses to the force pulses might have disrupted the normal EPH response and that the protocol was therefore not a fair test of equifinality. To evaluate this possibility, we estimated the subject's voluntary reaction time (RT) for similar pulses. We then included for our calculations of equifinality only those movements that settled faster than that subject's RT. We found that substantial endpoint errors resulted even when reaction time interventions were not feasible, because the time to target was too short. In other words, the lack of observed equifinality was not determined by inappropriate reaction time movements.
We next examine the contributions of joint mechanical impedance towards voluntary movement control.
Testing EPH Theories: The Role of Mechanical Impedance
We studied the role of limb mechanical impedance in regulating limb trajectory, because a high impedance could (at least potentially) provide controlling forces and promote stability independent of reflex delay.
Again, we sought to resolve ambiguities in the literature about the magnitude of limb impedance during voluntary movement. First, since we were interested in muscle state (i.e., the plant being controlled), we eliminated the possible influence and non-linear effects of reflex action by fitting estimates of stiffness (K), viscosity (B), and inertia (I) over a latency shorter than the onset of the stretch reflex. We analyzed unconstrained voluntary reaching motion at a single joint (the elbow), developed methods to subtract the intended trajectory from the one perturbed, and controlled the resulting uncertainty statistically. But the greatest challenge of our study, one not previously confronted, was accounting for soft-tissue mass movement of the limb about the bone, which can substantially affect force recordings. This was done experimentally by developing a proper cast and coupling, and also analytically, by modifying the KBI model to allow for a slight lag of limb centerof-mass with respect to bone. These various factors, we believe, allowed us to provide tighter KBI predictions than offered before, in more realistic situations. These modifications presumably accounted for our finding that limb impedance was lower than previously reported (e.g., Gomi & Kawato, 1997) .
To estimate mechanical limb impedance, we applied force pulses to the forearm at various stages during ballistic angular elbow motion, and recorded the resulting limb trajectory deflections. Based on these deflections, we calculated that joint impedance was routinely very small and, surprisingly, was quite comparable to that of the relaxed limb (Popescu et al., 2001 ). In particular, elastic stiffness was nearly zero, while moderate damping was present.
This finding of low stiffness implies, in turn, that the interaction between the spring properties (attributable to muscle stiffness) and any physically realistic load results in a new equilibrium that is potentially too distant (in terms of spatial location) to lead to a simplification of control. Furthermore, the differences in forces resulting from changes in length of the "muscle" springs are probably much too small to provide any effective stability margin.
So, what neural mechanisms could be used to correct errant limb trajectories? EMG analyses of the reactions to small pulses revealed that longer latency reactions, which are presumably supra-spinally mediated, were more likely to be responsible for the eventual return to the intended trajectory after small perturbations (Popescu & Rymer, 1999) . In fact, these EMG responses were typically quite nonlinear and often presented, as coactivation of agonists and antagonists, responses different from the usual servo-like spinal reflex. Furthermore, the EMG responses to an unexpected perturbation were much lower if preceded by another unexpected perturbation than if not. In theory, the gain of such types of supra-spinal reactions is also not limited, since they are neither automatic nor proportional, and hence not subject to servo loop delay-related instability.
Towards a Plausible General Theory of Motor Control
Given the evident limitations of impedance based movement control systems, it is appropriate to consider other alternatives. To begin, it is indisputable that motor control in vertebrates is hierarchically organized both in terms of participating neural structures, and in the resulting functions. Specifically, there are cortical centers controlling basic modular elements such as the spinal circuits regulating muscle activation, and the resulting limb posture are incorporated into more complex behaviors like reaching. A key question remains as to whether such neural systems rely on simple motor commands that are modified continuously as a result of sensory feedback, or whether there is greater reliance on feedforward systems that include more detailed and complex models of limb behavior. It should already be evident that we strongly favor the latter scheme.
This idea (of feedforward control) is now increasingly accepted, and it is consistent with several current theories of the computational structure of motor control, such as inverse dynamics (Jordan, 1989) and theories that locate motor learning and execution in specialized regions of the cortex (Bullock, 2001) .
In light of these limitations of stiffness-based (or impedance-based) approaches, we believe that reaching movements are implemented largely in a feedforward manner, relying on "internal models" of limb mechanical behavior to execute the limb path. We further believe that these internal models are hierarchically organized, located at the supra-spinal level, and adaptively modified using peripheral feedback pathways and knowledge of results. While these hypotheses are certainly not original, our point here is that their acceptance is now virtually inescapable.
So we are left with the following somewhat speculative analysis. The dominant mechanical feature of the limb is its inertia-it is sometimes subject to viscoelastic forces by muscles but, during normal unconstrained movement, the actuators act more like pure force generators than springs. There is also relatively little damping evident, in the sense of energy dissipation by classical viscous elements. Although the damping we have observed is sufficient to provide a safe deceleration of the limb, in order for motion to be accurate, braking is achieved by opposing force pulses with similar dynamic features.
The conceptual modeling of the limb as a largely inertial load and of muscles as force generators allows explanations of other important observations of motor behavior such as scalability (by varying force profile amplitude) in time and space of a learned motor task. That is, instead of a shift in the desired position commanded from the upper CNS to circuits responsible for control posture, we envisage movement generation as a force-based time-varying command from circuits dedicated to motion at a central level, and which switch to postural control mechanism when near the target, based on vision and somatosenory feedback.
